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INTRODUCTION
Phosphorus plays a major role in aquatic systems and the life that they support. It
is a macronutrient that constitutes 0.5% of microorganisms and zooplankton by mass.
Phosphorus is of great importance in terrestrial, agricultural, and plant systems as a
macronutrient, and when it comes to aquatic systems, we tend to look at phosphorus in
terms of its influence on lake primary productivity. Lakes are often phosphorus sinks
because they are maintained by hydrological sources that are capable of causing nutrient
influx. To understand phosphorus cycling in lake systems, it is important to consider the
many sources and forms of phosphorus and the limnology that influences its location in a
lake.

Figure 1. General phosphorus cycling in a lake system.
Traditionally, it is phosphorus that limits plant and animal abundance in
freshwater systems. However, when levels of phosphorus exceed a certain threshold, the
results can be more harmful than helpful. Lakes naturally age over centuries to become
swamps or bogs due to the accumulation of organic material. The eutrophication process
associated with increased phosphorus levels is simply this natural phenomenon occurring
over a shorter period of time (Oram). By looking at a combination of the geology,
biology, and chemistry of lakes, we begin to understand how increased phosphorus levels
in bodies of water can result in an imbalance that disrupts the natural lake system.
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Augmented phosphorus levels in lakes are often attributed to human activity. Of
the 2,000 lakes that are found in Maine over one in four is considered to be eutrophic.
Lakes in Maine and in many other parts of the country have the tendency to experience
eutrophication during the summer, making lakes less desirable for aquatic recreation like
fishing, boating, and swimming and more problematic as drinking water sources. The
Maine Department of Environmental Protection says that of all of the water quality tests
performed in Maine, the determination of phosphorus levels is the one that is performed
most frequently. It is important to monitor a lake’s trophic status over time to see if
remediation measures are successful. Volunteers around the state of Maine collect many
of the water samples for phosphorus analysis, showing the public's dedication to cleaning
up the lakes.
Lake eutrophication is a problem that can be mitigated by better human practices.
A significant effort has already been made to reduce the amount of phosphorus entering
the environment via detergents. In-state and out-of-state people have a lot invested in
Maine’s lakes, whether it is for their recreational value or their aesthetic value, or a
combination thereof. Michael, Boyle, and Bouchard (1996) found a positive correlation
between improved water quality and higher property values surrounding Maine lakes.
Using hedonic price models, they determined that the increase in property prices per
square foot of lake footage can increase anywhere from $11 (Echo Lake, Augusta, ME)
to $200 (Sebattus Lake, Auburn, ME) for every one meter improvement in water clarity.
This Primer will explore in detail the sources of phosphorus (both natural and
anthropogenic), phosphorus cycling, types of phosphorus, and other parameters that
impact phosphorus in lakes. It will also serve as a reference on how to measure
phosphorus concentrations in lakes. The Primer is meant to serve both the general and
scientific communities, with the hope that it can be understood by all in a gradient of
detail. The Glossary at the end of the document will define terms and concepts for those
new to the subject and an additional reading list is also included.
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GEOLOGIC SOURCES OF PHOSPHORUS
Henderson (1982) measured phosphorus at concentrations of approximately 0.2%
in continental rocks. Phosphorus is a component of accessory minerals that make up
common geologic formations. Phosphorus in soils exists as organic phosphorus, as fixed
mineral phosphorus, or as orthophosphate (see section entitled PHOSPHORUS TYPES
and SPECIATION IN LAKES). The fixed mineral form of orthophosphate is bound to
aluminum and iron oxides and hydroxides (Larsen et al., 1965). Strong oxidationreduction processes regulate the release of fixed mineral phosphorus to soluble
orthophosphate (Vepraskas and Faulkner 2001). In lake sediments, phosphorus is most
commonly complexed with iron (III) as solid Fe(III)PO4 (Kallin 2007).
Iron can be used as an alternate terminal electron acceptor in anaerobic respiration
and undergo a reduction from iron (III) to iron (II), releasing soluble orthophosphate in
the process (Eq. 1). Dissolved oxygen concentrations below one part in one million cause
highly acidic conditions at the sediment-water interface and exacerbate the release of
phosphorus from the sediments (Horne).

Fe(III)PO 4 (s) + e! " Fe(II) 2+ (aq) + PO43! (aq)

(1)

Phosphorus is also found complexed in aluminum solids. Aluminum phosphates are
stable in oxic and anoxic conditions and therefore do not engage in redox chemistry.
Aluminum is capable of absorbing phosphates released from iron complexes (Eq. 2). For
a negligible net phosphorus release to the sediments, the molar concentration of
aluminum must be three times that of the molar iron concentration (Kopacek 2005).
Al(OH) 3 (s) + PO43! (aq) " AlPO4 (s) + 3OH !

(2)

Water hardness is also a condition that can influence phosphorus solubility.
Calcium carbonate (CaCO3) in the form known as marl can precipitate phosphate from
the water, making it inaccessible to biota. Maine’s lakes tend to have a very low
buffering capacity because the rock formations are not typically limestone, so marl has
little impact on the phosphorus solubility.
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BIOTIC RELIANCE ON PHOSPHORUS
Plants, animals, and microorganisms in both terrestrial and aquatic environments
take up and use phosphorus. Phosphorus is found as phosphate (PO43-), in the
phosphodiester backbone of DNA and RNA, in the phospholipid bilayer that makes up
cellular membranes, and in ADP and ATP that is used in storage and transfer of energy.
Both strands of genetic material consist of nucleotides that contain a pentose sugar, a
nitrogenous base, and a phosphate group (Fig. 2).

http://www.dnareplication.info/dnadoublehelix.php

Figure 2. Yellow shows the phosphate groups that make up the phosphodiester backbone
in DNA.
Phosphates are found in the side chains of amino acids and are one functional
group that can distinguish between proteins. One out of every three proteins found in
mammalian cells are covalently bound to a phosphate. Phosphate groups are added to and
removed from amino acids in processes called phosphorylation and dephosphorylation.
Energy essential to many biological functions is created when ATP (adenine
triphosphate) loses a phosphate and becomes ADP (adenine diphosphate). These
processes regulate enzyme activity, help to move proteins between organelles, facilitate
protein-protein interactions, and label proteins to be degraded (Secko 2003).
Phosphate-phosphate bonds are called phosphoanhydride bonds and can be
broken in the presence of water (Alberts et al. 2004). ATP converts to ADP through the
hydrolysis process. In breaking one of the phosphate-phosphate bonds, energy is released
in addition to an inorganic phosphate (Fig. 3). This reaction is highly exergonic as the
7

free inorganic phosphate is stabilized by resonance (Fig 6.). The free energy is used in
important cellular processes like the Krebs cycle.
ENERGY

fr ee phos phate

hyd rolysi s

ADP

Figure 3. ATP undergoes hydrolysis to release phosphate and energy. ATP is an energy
source for many biological processes.
(Images modified from: http://student.ccbcmd.edu/courses/bio141/lecguide/unit6/metabolism/energy/adpan.html)

Lake food webs can be examined in terms of phosphorus flow (WOW 2004).
Plants take up bio-available (soluble) phosphates and are then consumed by herbivores.
Sonzogni et al. (1982) define biologically available phosphorus as the amount of
inorganic phosphorus a P-deficient algal community can utilize in a time period
exceeding 24 hours. Phosphorus is then excreted as fecal pellet waste by primary and
secondary consumers. Primary producers and all consumers contribute to phosphorus
flow when they die and settle on the bottom and undergo decomposition (Fig. 10).
Since phosphorus is found in all cells, its abundance in all organisms on the whole
is fairly constant. Alfred Redfield, an American oceanographer, developed a ratio
describing the molecular percentages in marine plankton in 1934. The Redfield ratio has
been modified for freshwater systems as follows:
113CO2 + 15 HNO3 + H3PO4 + 122H2O ⇒ (CH2O)113(NH3)15PO4 + 132O2

(3)

This ratio describes the stoichiometry of phytoplankton nutrient requirements for
photosynthetic function. The ratio indicates that more nitrogen is needed than
phosphorus, an observation that is consistent with nitrogen as a limiting factor for growth
in many aquatic systems. Biota need nitrogen like they need phosphorus, and just as in
the case of phosphorus, there are only certain forms of nitrogen that are useful to plants
and animals. Nitrogen is naturally found as N2, and is unavailable to most
microorganisms. However, diazotrophs are capable of fixing nitrogen. Nitrogen fixation
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turns elemental nitrogen into forms of nitrogen like ammonia (NH3), nitrates (NO3-), and
nitrogen dioxide (NO2) that can be utilized by plants and animals in aquatic
environments. A summary of nitrogen cycling can be seen in Figure 4 below.

Figure 4. The aquatic nitrogen cycle. From: http://pangea.stanford.edu/~caf/
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PHOSPHORUS TYPES and SPECIATION IN LAKES
The term “phosphorus” refers to phosphorus in its elemental form. Total
phosphorus is often measured in a lake system, and is a measure of phosphorus in all of
its forms.
TOTAL PHOSPHORUS
Dissolved and Particulate

INORGANIC
Includes:
• Soluble Reactive Phosphate
• Particulate phosphate
(sediment-bound)

ORGANIC
Includes phosphorus found in:
• Decomposing matter
• Living plant and animal
matter

Figure 5. Breakdown of phosphorus types.
Total phosphorus refers to that which is soluble and that in its particulate form.
Total phosphorus includes the following three types:
1) SRP- soluble reactive phosphorus, same as bioavailable or orthophosphate
2) OP- organic phosphorus bound in organic matter
3) Particulate phosphorus- phosphate bound to suspended solids, primarily iron
oxides and clay minerals
Both organic and inorganic phosphorus can be in the suspended or dissolved state in the
water column (Curry 1994). Plants require inorganic phosphorus, also called soluble
reactive phosphorus (SRP) in the form (PO43-) (Horne). Phosphoric acid is a weak acid
found in four forms: H3PO4, H2PO42-, HPO4-, and PO4- depending on the lake’s pH. At a
pH close to neutral, the predominant species are H2PO42- and HPO43- (Fig. 6).
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Figure 6. Speciation of phosphoric acid where alpha is the relative abundance of the
four species at different H+ concentrations. Shaded region corresponds to the pH of
natural waters.
Phosphate species exist in three forms: orthophosphate, metaphosphate (or
polyphosphate) and organically bound phosphate. Each form contains phosphorous with
a different chemical arrangement (Oram). Orthophosphate (Pi, or inorganic phosphate)
refers to the PO43- species in all of its forms. Pi has four partial double bonds that
contribute to its resonance stabilization. Metaphosphates and polyphosphates are found in
DNA where multiple phosphate groups are bound in a row by way of hydrogen atoms
and hydroxyl groups. Inorganic phosphorus becomes organic when it is bound in plant
and animal tissues (Curry 1994). Organically bound phosphates are connected either
directly or indirectly to a carbon atom. As consumers, animals can take up phosphorus in
both organic and inorganic forms.

Figure 7. Two phosphate forms.
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PHOSPHORUS CYCLING IN LAKE SYSTEMS
The distribution of nutrients and gases in a body of water is largely dependent on
the temperature profile and on mixing patterns. Temperature is responsible for seasonal
mixing and stratification, where the layering of the water column dictates nutrient
distribution in different parts of the lake.
Water’s unique property of being most dense at 4˚C is the main contributing
factor to a lake’s stratification (Fig. 7). During the winter months, when the lake is
stratified, the phosphorus near the bottom is trapped in the warmer, denser bottom water.
In the spring and fall during mixing events caused mainly by wind, the phosphorus
becomes available throughout the water column. Mixing is also important for
redistribution of dissolved oxygen to the oxygen poor regions at depth where oxygen is
used up in decomposition. In the summer, the upwelling of nutrients into the epilimnion
and the warming of the upper layers of the lake cause a peak in biological activity, or
what we refer to as algal blooms.
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Figure 8. Seasonal lake stratification driven by water being most dense at 4˚C. Mixing
events are due to wind or sudden changes in temperature. The epilimnion is warmed by
the sun and is the only region of the lake that is mixed in the summer. The thermocline
(or metalimnion) is defined as the region of greatest temperature change between the
hypolimnion and the epilimnion. The depth of the thermocline depends on the lake but is
generally between 5 and 15 meters.
For a lake that experiences regular flushing, the combination of phosphorus outflow
and burial of phosphorus should be equal to the total phosphorus inflow. Excess
phosphorus can be buried in the sediments to a certain extent before significant
eutrophication occurs (Fig. 9). Typically, over 50 % of the external phosphorus load to a
lake is retained in the sediments. This varies widely with the characteristics of the
watershed and the receiving lake, but can be up to 90% retained by the sediments
(Lijklema 1986).
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Figure 9. Phosphorus flushing in a lake. Inflow of phosphorus is equal to phosphorus
outflow plus burial of phosphorus. Inflow includes geologic and human sources of
phosphorus.
Iron (III) is highly reactive and complexes with phosphate. Under anoxic
conditions, the iron in the sediments is reduced (gains an electron) from insoluble Fe(III)
to Fe(II), which is highly soluble. The reduction is coupled with a release of soluble
orthophosphate as well:

Fe(III)PO 4 (s) + e! " Fe(II) 2+ (aq) + PO43! (aq)

(4)

When the iron phosphate complex dissolves, the phosphorous that had been bound up in
the particulate state is released into the water column as bioavailable Soluble Reactive
Phosphate (SRP). If a mixing event occurs, where a sudden cooling of the surface water
or a strong wind causes an upwelling, the bioavailable phosphorous is mixed into the
surface water. It is in an event like this that PO43- can trigger an algal bloom at the surface
of a lake because light is able to penetrate near the surface and photosynthetic potential is
high with plentiful nutrients (Kallin 2007).
Because phosphorus has many forms, it cycles through stages where it is available
and unavailable to biota. Phosphorus initially comes from one of two sources: natural
weathering of rocks, or influx from human waste and runoff. Approximately half of the
phosphorus entering a lake at the surface or at the bottom near the sediment interface is in
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its inorganic, soluble orthophosphate form and the other half is in the organic form
(Lijklema 1986). Animal excretion and the decomposition of the dead plants and animals
that have settled to the bottom release phosphorus back into the water. Decomposition at
depth returns organically bound phosphorus to its inorganic phosphate state (WOW
2004).
Phosphorus levels can peak at three different depths in a lake. It most commonly
peaks at or above the thermocline where biological activity (measured by fluorescence)
peaks. Relative to the other forms of phosphorus in lakes, a significant amount is
contained in zooplankton and phytoplankton, whose abundance is often the greatest
within the thermocline. Phosphorus concentrations can also be high in the epilimnion
during an algal bloom. Soon after the bloom, however, the algae drop to the lake floor
and the phosphorus in the surface layer is low again. The massive amounts of
decomposition at depth create anoxia, and as a result, phosphorus concentrations are
often highest at the sediment-water interface due to oxygen-limited phosphate release
from the sediments. These circumstances are a powerful example of a positive feedback
loop, where the release of phosphorus from the sediments contributes to the overall
excess of primary productivity in the system. Anoxic conditions arise at depth due to
decomposition and the sediments will again be inclined to release inorganic phosphate
back into the lake.
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BLOOMS
Eutrophication is a natural process by which a lake ages. In the process, the lake
sustains more biota and becomes more shallow due to organic accumulations. Yearly
accelerated algal blooms, however, are a result of human activity causing a sharp increase
in the primary productivity of a lake. Algal blooms occur in the summer after a
springtime mixing event that distributes phosphorus throughout the water column. Over
the winter, phosphorus accumulates near the bottom and then is redistributed to the upper
part of the lake that is exposed to sunlight. With phosphorus and sunlight no longer
limiting, algal abundance increases exponentially.
The less productive a lake is naturally, the more sensitive it is to increased
nutrient influx due to pollution (Horne). With increased primary production due to high
phosphorus levels, algae build up because the consumption of phytoplankton and
vegetation is less than the primary production.
Algae is the plant life that grows and is found floating in open water. Algal
blooms refer mainly to blue-green algae or cyanobacteria, the main primary producers in
aquatic environments (PEARL). Algae have limited motility and therefore rely on water
currents for transport. Periphyton is a type of rooted algae that grows along a lake’s
shoreline. Macrophytes are “weeds” that often grow in the near-shore region of the lake
and can be found growing up through the water. The algal abundance in aquatic
communities has an enormous impact on what other biota (consumers) are found in the
lake.
Maine’s PEARL website says that the trophic status of lakes depends on rate of
nutrient influx, climate, and nature of lake bottom. There are five categories of lakes
according to their primary productivity. A lake can be ultra-oligotrophic, oligotrophic,
mesotrophic, eutrophic, or hyper-eutrophic. The phosphorus parameters for these
classifications are shown in Table 1.
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Table 1. Lake productivity classification as it relates to total phosphorus concentrations
in the epilimnion (Wetzel 2001).
Lake Productivity Classification

Total Phosphorus (ppb)

Ultra-oligotrophic

Less than 5

Oligotrophic

5-10

Mesotrophic

10-30

Eutrophic

30-100

Hypereutrophic

Greater than 100

According to the above classification, Maine’s lakes fall into the three main
categories (oligotrophic, mesotrophic, and eutrophic) in the following distributions
(Table 2).
Table 2. Overview of Maine lake trophic states as of 2006 (Maine DEP 2006).
Lake Status

Number of Lakes

Lake Area (acres)

Total

2,314

958,886

Assessed

1,733

926,878

Oligotrophic

142

121,801

Mesotrophic

989

625,616

Eutrophic

602

179,461

Unknown

581

32,008

Oligotrophic lakes are generally limited by a nutrient that causes primary
productivity and zooplankton abundances to be low. The bottom of these lakes are
characterized by sand and do not support significant macrophytic growth because the
substrate is nutrient deficient. Because biota is minimal, the lake experiences very little
decomposition at depth and soluble phosphorus is not buried in the sediments, and is
instead found in the water column in low concentrations.
Mesotrophic lakes support a normal amount of algae and zooplankton. The
substrate is made up of more organic matter than oligotrophic lakes but less than
eutrophic lakes. Mesotrophic lakes are well balanced in nutrient cycling and productivity
17

and can support plant growth near the shore. The rate of P-burial in the sediments is equal
to the rate of P-release from the sediments.
Eutrophic lakes have a thick organic layer and are not nutrient limited. As such,
these lakes are capable of supporting excessive algal growth. These conditions eventually
lead to eutrophication, depletion of oxygen and the subsequent reduction of zooplankton.
Because zooplankton communities sustain larger aquatic animals, the fish populations
often change significantly as a result since larger organisms have higher dissolved
oxygen demands.
Figure 10 shows the flow of phosphorus in a lake as it relates to trophic status.
Different scenarios are suggested below for each trophic status.

Figure 10. The general pathway of phosphorus cycling in a lake, starting as inorganic-P
with intermediate stages as organic-P. Percentages of phosphorus flow are estimates
modified from (Elser 1999) and arrows A, B, and C are variable depending on the lake’s
trophic state.
In Figure 8, if arrow A is greater than arrow B, then more phosphate is being buried
in the sediments than is being returned to the water column. A decrease in dissolved
oxygen at depth has the potential to increase B and cause an algal bloom because of the
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increased phosphate release from the sediments. If arrow C is less than 100% of A, then
phosphorus inflow is greater than outflow, and the lake is experiencing phosphorus
loading. This scenario applies to eutrophic lakes, where phosphorus is retained in the
sediments for future release. For oligotrophic lakes, arrow A is essentially zero, and what
decomposition does occur returns inorganic phosphate directly back to the water column
without any burial in the sediments. In a mesotrophic lake, the phosphate flow in arrow A
would essentially be equal to arrow B, evidence of a well-balanced lake.
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POLLUTION SOURCES OF PHOSPHORUS
There are both point and non-point sources for phosphorus as there are for many
other contaminants in the environment. Point source pollution comes out of a pipe that
can be traced back to a certain discharger. Non-point source pollution refers to diffuse
sources of pollution such as runoff or groundwater seepage, which are capable of picking
up phosphorus from many sources as they make their way to a final water source. Since
passing the 1972 Clean Water Act, point-source pollution has been a major target for
mitigation and considerable progress has been made (Sharpley et al. 1994). Since then,
the role of non-point source phosphorus input into surface waters has become the
predominant concern.
An example of a point source for phosphorus influx into the environment is a
sewage treatment plant. It is harder to point a finger at an offender for non-point source
pollution and it is more difficult to monitor pollution influx in these situations. Whereas
the amount of phosphorus can be tested coming out of a sewage treatment plant in point
source pollution, gauging how much one farmer’s land contributes to agricultural
phosphorus runoff is much more difficult. You must know the area of the lands being
fertilized, the percent phosphorus content of the fertilizers used, the relief of the area, the
absorption properties of the plot, rainfall patterns, and surface water flow.
In 1986 the Maine DEP applied a “stable or decreasing trophic status” regime to
its standards for lake water quality in an effort to slow the rate of lakes experiencing
cultural eutrophication (Maine DEP 1986). Many studies were done in an effort to
determine the largest culprits in Maine’s lake eutrophication problem. In 1998 and 2000,
Fixen and Roberts conducted studies where they tested the percent of soil tests measuring
“high” for phosphorus near P-sensitive lakes and found that the percentage decreased
from 70% to 55% between 1997 and 2000. They measured phosphorus concentrations in
agricultural soils and compared that value to the necessary bioavailable phosphorus for
optimum crop yield. When the P-concentration in the soil exceeds the optimum level for
agriculture (35 mg P/kg soil), the P-soil concentration is said to be high, and excess
fertilizer is being unnecessarily applied for agricultural purposes (Fixen 2002). Knowing
this kind of information and being able to inform farmers that they are not only
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contributing to nutrient loading, but also wasting money on unnecessary fertilization is an
important capability of mitigation efforts.
Phosphorus is found in sewage (humans excrete phosphorus just like the bugs in
the lake!), detergents, and organic and synthetic fertilizers. Polyphosphates such as
sodium or calcium tripolyphosphate are used as builders in detergents and are converted
to orthophosphate in water.

P3O10!5 + 2H 2O " 3PO4!3 + 4H +

(5)

The use of phosphates in detergents has decreased due to the Clean Water Act.
Phosphates have been removed, for the most part, from all laundry detergents but still are
a major constituent of dishwashing detergents. Phosphorus makes up from 1-10% of most
dishwashing detergents by weight (Thorpe 2003). Eco-friendly dishwashing detergents
exist that contain no phosphates.
Raw sewage usually contains between 8 and 10 mg/L of phosphorus. Usually
about 3 mg/L of phosphorus is removed in the sewage treatment process. Most sewage
treatment plants use bacteria to clean up the sludge by breaking down particulates and
removing unwanted chemicals. Bacteria utilize some of the phosphates that enter the
treatment plant from human practices. Bacteria will also convert polyphosphates to
orthophosphates. Sewage treatment plants often use iron salts or lime to remove
phosphates and polyphosphates. Calcium hydroxide, Ca(OH)2, can be added to form
Ca3(PO4)2 or Ca5(PO4)3OH:

2PO4!3 + 3Ca(OH) 2 " Ca3 (PO4 ) 2 + 2OH !

(6)

3PO4!3 + 5Ca(OH) 2 " Ca3 (PO4 ) 2 + 9OH !

(7)

The products Ca3(PO4)2 and Ca5(PO4)3OH are both insoluble precipitates that can be
removed before discharge (Baird 1999). Binding phosphorus in an iron complex requires
oxygen, so discharge is often aerated before it is released into a body of water (West
2002).
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Different land uses within a watershed are very influential on phosphorus loading
to a lake. For example, a watershed that covers a large area and feeds into a steam and
lake system will have a higher potential for nutrient loading of that system. The actual
relationship between watershed size and nutrient loading is dependent on the ratio of
watershed area to lake surface area (Fig. 8). Additionally, a lake’s depth and flushing rate
must be factored in as well.

Figure 11. General trend of nutrient loading as it relates to the ratio of watershed area
to lake area (WOW 2004). Factors not considered are flushing rates and lake volume.
Seepage lakes receive very little water from a watershed and instead are
maintained by groundwater. Drainage lakes are fed primarily by their surrounding
watershed. Seepage lakes tend to have much better water quality than drainage lakes
because they are not as prone to receive contaminants from runoff (WOW 2004).
Improving soil stability can help to keep unwanted phosphorus out of the lake.
Phosphates bind to soil and roots, so if riparian areas are subject to significant erosion
then phosphorus gets washed into the lakes.
Land use has an enormous impact on phosphorus influx into lakes. Urbanization
and agriculture tend to be the biggest culprits in phosphorus loading (Table 3).
Converting a forest into a city can increase the phosphorus influx to a lake tenfold.
Undeveloped forested land contributes 40 times less phosphorus to the lake than
developed land and about 3.5 times less phosphorus than agricultural land. One reason
that urbanization is such a culprit in accelerated eutrophication of lakes is that
22

impermeable surfaces like concrete dominate urban areas. When it rains, the runoff
cannot be absorbed into the ground and, therefore, runoff picks up phosphorus from
fertilized and urban areas and transfers it directly to surface waters (Hannula 1983).
Table 3. Phosphorus loading potentials associated with different land use practices based
on 10-hectare plots (WOW 2004).
Land Type

Phosphorus Loading

Forest

4.5 kg P/10-hectare

Rural/Agriculture

30 kg P/10-hectare

Urban

50 kg P/10-hectare

China Lake in Kennebec County is reputed to have persistent summer algal
blooms and is a prime example of a lake that suffers from excess nutrient loading. Based
on the lake’s volume, surrounding watershed area, and phosphorus levels for 2005, the
annual phosphorus load is 31 kg/10-hectares. This loading level is greater than
phosphorus loading for rural and agricultural land uses alone (Table 3), and does not take
into account the loading due to surrounding residential areas. From this we can predict
that residential areas surrounding China Lake play a significant roll in its phosphorus
loading that results in eutrophication.
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GEOGRAPHIC INFORMATION SYSTEMS
Geographic information systems are used to generate maps that spatially portray
data that would not commonly have that capability. GIS is a tool used in many disciplines
to help guide restoration efforts and plan development areas. For this project, ArcGIS 9.0
was used to generate maps that spatially link lakes in Maine to their respective
phosphorus levels in order to code the lakes by their trophic status. Lake shapefiles were
joined via waterbody code number to phosphorus data for Maine lakes obtained from the
University of Maine’s PEARL database. Lake and county data layers are from the Maine
Office of GIS. The maps give an idea of how lake trophic status has changed over 40
years and how phosphorus levels vary at different lake depths. Table 4 outlines the maps
to follow.
Table 4. Outline of GIS maps to follow. Phosphorus grab descriptions as defined by
PEARL.
Comparison

Description

Years

Pages

Benthic Grab

A benthic grab sample is usually taken
1 to 2 meters above the lake bottom

1985, 1995, 2005

25-27

Epicore Grab

An epicore sample is taken from within
the epilimnion

1985, 1995, 2005

28-30

Surface Grab

A surface grab sample is taken from just 1975, 2005
below the surface

31-32

The following maps are useful in concluding a few interesting aspects of
phosphorus data in Maine’s lakes. First, we see that the maps are consistent with Table 2,
where we see that the majority of the lakes in Maine are mesotrophic. Secondly, we note
that sampling efforts have increased over the past thirty years. Lastly, we see that there is
still lots of work to be done, as evidenced by all of the lakes in grey, for which there is no
phosphorus data available.

24

Figure 12. Total phosphorus benthic grab in 1985.
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Figure 13. Total phosphorus benthic grab in 1995.
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Figure 14. Total phosphorus benthic grab in 2005.
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Figure 15. Total phosphorus epicore grab in 1985.
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Figure 16. Total phosphorus epicore grab in 1995.

29

Figure 17. Total phosphorus epicore grab in 2005.
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Figure 18. Total phosphorus surface grab in 1975.
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Figure 19. Total phosphorus surface grab in 2005.
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ANALYTICAL METHODS OF PHOSPHORUS DETECTION
Knowing phosphorus concentrations and particularly how they change over time is
essential to many lake monitoring and restoration efforts. I have included a summary of
two of the most common phosphorus detection methods as a reference for readers.
Several procedures exist for phosphorus detection and the appropriate tests should be
selected depending on the type of phosphorus to be measured and availability of
instruments.
The total phosphorus test measures all the forms of phosphorus in a sample; both
dissolved and particulate, organic and inorganic. When measuring total phosphorus,
samples are not filtered, so both dissolved and suspended phosphates are included (Curry
1994). Samples are initially digested using extreme heat and acidity, converting all
phosphorus forms to orthophosphate. Alternatively, filtration can be used to exclude the
particulates so that only inorganic phosphates are measured (see Fig. 5). Measuring only
inorganic phosphates can be a good indicator of the geologic phosphate release potential of
a lake.
COLORIMETRIC METHOD
Increased sensitivity and lower instrumentation costs are advantages associated
with using the colorimetric method for phosphorus detection (Pierzynski et al. 2000).
Phosphorus concentration determination by colorimetry is outlined in Standard Methods
(1997). Often, this detection chemistry is automated using flow injection analysis
instrumentation to reduce the laboratory labor.
The process measures total phosphorus using a reagent that contains ascorbic acid
and ammonium molybdate. The reagent reacts with orthophosphate in the water sample
to form a blue compound. The intensity of the blue color is directly proportional to the
amount of orthophosphate in the water. A calibration curve plotting absorbance versus
concentration is generated such that comparing the samples to known phosphorus
standards indicates the total phosphorus concentration of the lake. Sample collection and
all reactions should be carried out in acid-washed glass or plastic containers so as to
avoid phosphate contamination from detergents.
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Preparation of Standards
Dissolve 219.5 mg of anhydrous KH2PO4 in 1 liter of distilled water to create a
stock phosphate solution of known concentration (50.0 µg PO43-/mL). From this solution,
make five phosphorus standards at 0, 25, 50, 100, and 200 ppb by appropriate dilution
with distilled water.
Persulfate Digestion
Prepare a 30% sulfuric acid solution to oxidize the organic molecules and convert
the phosphorus to orthophosphate. Add a drop of the phenolphthalein indicator to each
50-mL sample. If the solution turns red, add drops of the H2SO4 solution to each lake
sample to just discharge the pink. Then add 1.0 mL of 30% H2SO4 and 0.5 g potassium
persulfate (KsS2O8) to each sample to absorb electrons released during the acid hydrolysis
process. Place samples in plastic bottles with loose lids in the autoclave for 30 minutes at
98˚C. Let the samples cool and add an additional drop of the phenolphthalein indicator. If
the solution is red, add concentrated NaOH to neutralize the solution after the oxidation
to return the system back to neutral in preparation for the addition of the ascorbic acid.
Dilute all digested samples to 100 mL with distilled water.
Ascorbic Acid Colorimetry
Make a 5N sulfuric acid solution by combining 70 mL concentrated sulfuric acid
with 430 mL distilled water. Prepare a potassium antimonyl tartrate solution by
dissolving 1.31715 g K(SbO)C4H4O6· 1/2H2O in distilled water to 500 mL volume. Make
an ammonium molybdate solution by adding 20.0 g (NH4)6Mo7O24· 4H2O to a volumetric
flask and dissolving in distilled water to 500 mL. Prepare a 0.1 M ascorbic acid solution
by dissolving 1.76 g ascorbic acid in 100 mL distilled water.
Add 8.0 mL of a mixed reagent in the following proportions to each 100-mL sample:
•

50 mL of 5N H2SO4

•

5 mL potassium antimonyl tartrate solution

•

15 mL ammonium molybdate solution

•

30 mL 0.1 M ascorbic acid
34

Use a spectrophotometer to detect absorbance at 880nm of each sample in a 5cm cuvette.
The 5 cm light path refines the approximate phosphorus detection range to 0.01 to 0.25
mg/L or ppm. Create a standard curve using the known phosphorus concentrations and
the absorbance readings for the five standards.

INDUCTIVELY COUPLED PLASMA (ICP) SPECTROMETRY METHOD
The ICP method allows several different parameters to be measured in addition to
phosphorus, and is often used instead of the colorimetric approach for this reason. ICP
quantifies the intensity of light emitted from a particular element. The signal’s intensity is
compared to known concentrations of phosphorus and a sample concentration is
computed using the calibration curve. ICP measures phosphorus bound in organic
compounds in addition to the digested organic phosphorus, while colorimetry only
measures digested phosphates. Repeated studies have shown that in general, ICP
measures a higher total phosphorus concentration than colorimetric approaches. At low
phosphorus concentrations, this discrepancy is significant and can be as high as a factor
of five difference between the two measurements (Pierzynski et al. 2000).
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GLOSSARY
ANOXIA- conditions where oxygen is extremely limited or not present
ANTHROPOGENIC- resulting from human activity
BIOAVAILABILITY- the degree to which a substance can be taken up by an organism.
Dependent upon the chemical speciation and other biological factors
CONSUMERS- also known as heterotrophs, these types of organisms feed on other
organisms to obtain energy
CYANOBACTERIA- also known as blue-green algae, this type of bacteria obtains their
energy through photosynthesis and are a major producer of oxygen in marine systems
DIAZOTROPH- an organism that is essential for fixation of nitrogen in aquatic systems
EPILIMNION- top layer in a lake
EUTROPHICATION- an increase in essential nutrients in aquatic or terrestrial ecosystems
that results in an increase in PRIMARY PRODUCTIVITY
EXERGONIC- REFERS to chemical reactions that release energy rather than consumes it in
the reaction process
FLUORESCENCE- a measure of biological biomass characterized by the release of a green
photon in the visible range in response to the absorption of a blue photon by a chlorophyll
molecule
HARDNESS- the concentration of minerals such as calcium and magnesium ions,
bicarbonates, and sulfates in water
HEDONIC PRICE MODEL- an economic tool often used in the housing market that
examines the extent to which each characteristic of the house and property affects the
price of the house
HYPOLIMNION- bottommost later of a lake
INORGANIC COMPOUND- typically come from minerals rather than living things and
traditionally are non-carbon containing compounds
KREBS CYCLE- a biological cycle that is a precursor for cellular respiration whereby
energy (ATP) is produced to be used in subsequent reactions
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MACROPHYTE- large aquatic plant that can be floating, emergent, or submergent, these
plants often indicate the health of a body of water because they are inherently responsive
to changes in nutrients, light, toxins, turbidity, water level, and salinity
MACRONUTRIENT- essential elements needed by plants in relatively large amounts for
their growth; generally include carbon, hydrogen, oxygen, nitrogen, phosphorus,
potassium, calcium, magnesium and sulfur
MARL- is CaCO3 in an encrusted form that is found on plants in lakes with high
pH/alkalinity and is what is found on your faucet from the precipitation of calcium
carbonate
METALIMNION- see THERMOCLINE
NON-POINT SOURCE POLLUTION- a diffuse type of pollution that comes from runoff over
many sources; includes agricultural and residential areas where use of fertilizers is high
ORGANIC COMPOUND- a carbon-containing compound
OXIDATION- the chemical process involving an increase in oxidation number; the
combination of compounds with oxygen or simply a loss of electrons; in biology, glucose
is oxidized to carbon dioxide
PARTICULATE MATTER- suspended insoluble solids
PHYTOPLANKTON- aquatic organisms whose location is dependent on water currents and
whose energy source is derived from light
POINT SOURCE POLLUTION- pollution from one source that comes out of a pipe or is in
some other way specifically localized
PRECIPITATE- the formation of a solid in a liquid medium during a chemical reaction
PRIMARY PRODUCERS/PRIMARY PRODUCTIVITY - referring to plants whose function is to
convert light energy into stored chemical energy that fuels other life
REDUCTION- the chemical process involving a decrease in oxidation number where
electrons are gained; in biological processes, oxygen is reduced to water in cellular
respiration
RESONANCE STABILIZATION- molecules whose electron configuration allows for
delocalization, in which the overall energy of a molecule is lowered since its electrons
occupy a greater volume; molecules that experience resonance are more stable than those
that do not experience resonance
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RIPARIAN ZONE- the terrestrial area bordering a flowing body of water; important for
habitat, erosion prevention, and runoff filtration
SOLUBILITY- property describing the dissolution of a solute (solid, liquid or gas) in a
liquid solvent
STOICHIOMETRY- the proportions of molecules and elements taking part in a chemical
reaction to satisfy mass laws and electronic demands
STRATIFICATION- formation of different layers in a lake due to temperature induced
differences in the density of water; a lake is stratified in the summer and winter with an
EPILIMNION, a METALIMNION or THERMOCLINE, and the HYPOLIMNION
SUBSTRATE- the material on the bottom of the lake; can be sediment or organic
THERMOCLINE- the vertical section of a lake where changes in depth are associated with
the most drastic changes in temperature
ZOOPLANKTON- aquatic animals whose location is dependent on water currents and
whose energy is obtained through the consumption of PHYTOPLANKTON
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